Introduction
Peruorinated triarylboranes, such as B(C 6 F 5 ) 3 have become ubiquitous Lewis acids used in both organic and organometallic chemistry. [1] [2] [3] [4] These uorinated organoboranes display uncompromised Lewis acidic properties that rival those of boron halides such as BCl 3 .
1,3 However, because of the absence of reactive boron-halogen bonds, these boranes are not corrosive and tolerate air and moisture at least for short periods of time. Noteworthy applications for these uorinated boranes include the activation of transition metal and main group species via anionic ligand abstraction. [1] [2] [3] [4] [5] These uorinated boranes have also been combined with bulky Lewis bases to generate frustrated Lewis pairs (FLPs) that have been shown to activate a wide variety of small molecules. [6] [7] [8] [9] [10] [11] [12] While additional exciting applications may be discovered for the use of these boranes in organic media, their electron-deciency, as well as the exposed nature of the boron centre, may preclude applications that require the use of water. To overcome this limitation and extend the use of main group Lewis acids to aqueous environments, we have recently begun a systematic investigation of other main group compounds that also display Lewis acidic properties.
Recent efforts have shown that electrophilic phosphorus(V) compounds 13 can be used as Lewis acid catalysts for organic reactions [14] [15] [16] [17] [18] as well as in FLPs for hydrogenations 19 and CO 2 capture reactions. 20 Inspired by these advances and using uoride anion affinity data as a guide, 21, 22 several groups have paid a renewed attention to the properties of antimony(V) compounds. [23] [24] [25] [26] As part of our contribution to this area, [27] [28] [29] [30] we were drawn by the properties of simple neutral derivatives such as triaryl-catecholato-stiboranes (A, Fig. 1 ) which have been previously shown to form adducts with Lewis basic substrates. [31] [32] [33] [34] Building on these earlier studies, we synthesized and investigated additional examples of such compounds, 35 including B (Fig. 1) , 36 and showed that they can be used for the complexation of uoride anions under aqueous conditions. In parallel, we also considered the introduction of electron-withdrawing pentauorophenyl substituents and reported the highly electrophilic stibonium cation C + ( Fig. 1 ) which was too reactive for applications in aqueous media. 37 With the view of identifying a compromise between high Lewis acidity and tolerance to water, we have now considered uorinated versions of triaryl-catecholato-stiboranes of type A. In this article, we describe the properties of such Lewis acids and demonstrate that they can be combined with phosphines both intermolecularly and intramolecularly to display frustrated Lewis pair reactivity. The compatibility of these systems with aqueous media is illustrated by their use for the capture of formaldehyde in water.
Results and discussion
Synthesis and reactivity of a uorinated stiborane
In targeting easily accessible uorinated stiboranes, we chose to attempt the oxidation of Sb(C 6 F 5 ) 3 (1) . 38 With o-chloranil, the oxidation is fast and selective, allowing isolation of the heteroleptic stiborane Sb(C 6 F 5 ) 3 (O 2 C 6 Cl 4 ) (2) in 69% yield as an analytically pure, orange, crystalline solid (Scheme 1). In solution, a single C 6 F 5 environment is observed in the 19 F NMR spectrum of chloroform solutions (Fig. 4b ), even at À70 C, thus indicating that the structure of this compound is uxional. In the solid state, the molecule is frozen in a distorted square-pyramidal geometry at antimony (Fig. 2a) , which is reminiscent of that observed for other triaryl-catecholato-stiboranes which have been used as Lewis acids. 35, 36 It is interesting to note that stiborane 2 exhibits a short Sb-F(12) contact of 3.0764(16)Å, which is well within the sum of the van der Waals radii of the two elements ( P vdWR (Sb,F) ¼ 3.93Å). 39 The attractive nature of this Sb-F interaction is further supported by the value of the Sb-C(11)-C(12) angle of 116.25 (15) , which is compressed from the ideal value of 120 . 
37,49
Solutions of stiborane 2 display an intense yellow colour in dichloromethane and chloroform as a result of an absorption band near 370 nm that tails into the visible range. However, in coordinating solvents such as acetone, methanol, THF, acetonitrile or DMF, the colour fades markedly suggesting the coordination of the solvent molecules to the antimony center. A similar effect is observed with water, which leads to complete discolouration when added to solutions of 2 in THF. This discolouration is accompanied by a splitting of the 19 F NMR resonances into two distinct sets of C 6 F 5 resonances, suggesting the formation of a water adduct. Since DFT calculations (MPW1PW91 functional with mixed basis sets: aug-cc-pVTZ for Sb and P, 6-31G for C, 6-31+G(d 0 ) for Cl, F and O) suggest that the HOMO and LUMO are based on the catecholate and antimony moiety respectively ( Fig. 2b and c) , we propose that the observed discolouration results from a disruption of the LUMO as a result of coordination of a base to the antimony atom. To probe this possibility more carefully, we carried out a spectrophotometric titration of 2 with Et 3 PO (Scheme 1, Fig. 3a) .
50,51
The binding isotherm and the abrupt inexion at one equivalent unambiguously indicate the coordination of a single molecule of Et 3 PO to the stiborane (Fig. 3a) . The formation of adduct Et 3 PO$2 has been conrmed by X-ray diffraction which shows the presence of two molecules in the asymmetric unit (Fig. 3b) . In both molecules, which have very similar structures, the antimony atom adopts an octahedral geometry. The antimony atom is bound to the phosphine oxide with an average Sb-O distance of 2.110(4)Å, which is only slightly longer than the value expected for a typical single bond (
52 Surprisingly, this distance is much shorter than the reported distance in the monocation [ ligands is not equivalent to the other two ( . 52 This full activation of the double bond is supported by a Sb-O(1) distance of 2.0384(17)Å and a P-C(1) distance of 1.841(3)Å, a set of values close to those expected for Sb-O and P-C single bonds, respectively (
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The above chemistry can be carried out with unpuried solvents. Interestingly, no reaction is observed when P t Bu 3 is replaced by PPh 3 , suggesting that the basicity of the phosphine is crucial to the outcome of this reaction. Similarly, when P t Bu 3 is paired with SbPh 3 (O 2 C 6 Cl 4 ) in dichloromethane, no reaction is observed with PFA at room temperature indicating that the Lewis acidity of the stiborane is equally important.
Synthesis and structure of ambiphilic phosphino-stiboranes
Having conrmed that 2 can participate in FLP reactivity in the presence of a phosphine, we decided to target intramolecular versions of such systems with the phosphine and stiborane units positioned to cooperatively react with incoming substrates. By analogy with ambiphilic o-phenylene-bridged phosphinoboranes, [55] [56] [57] we rst prepared the yellow stiborane o-C 6 H 4 (PPh 2 )(SbPh 2 (O 2 C 6 Cl 4 )) (5, 69% yield) by oxidation of the known o-C 6 H 4 (PPh 2 )(SbPh 2 )
58 (4) with o-chloranil (Scheme 2). Encouraged by the favourable inuence of the pentauorophenyl substituents observed in the case of 2, we also (10) 
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The presence of the P/Sb interaction in 5 and 7 was conrmed in the solid state ( Fig. 5a and b) . The presence of these interactions is derived from the short P-Sb distances (5: 3.0268(12)Å; 7: 2.8082(11)Å) as well as from the values of the P- 19 F NMR spectrum (c) of stiborane 7 at room temperature (top) resolves into two distinct C 6 F 5 environments at low temperatures (bottom). The assignments assume that the rotation of the C 6 F 5 group (represented in blue) trans to the phosphine bond is restricted due to greater steric crowding, leading to additional splitting of the resonances. 60 Although these P-Sb distances are comparable to those measured in 5 and 7, it can be expected that the strain imposed by the use of the ortho-phenylene backbone will fragilize this linkage, opening the door for reactivity in the P/Sb pocket.
C(12)
The P/Sb interactions in 5 and 7 were further analysed computationally using density functional theory methods. Geometry optimisations using the MPW1PW91 functional and mixed basis sets (aug-cc-pVTZ for Sb and P; 6-31+G(d 0 ) for Cl, F and O; 6-31G for C and H) yielded structures that are in good agreement with those experimentally determined. In particular, the calculated P-Sb separations (5: 2.9666Å; 7: 2.7691Å) are very close to those measured by X-ray diffraction (5: 3.0268(12)Å; 7: 2.8082(11)Å) and unambiguously show that the phosphorus lonepair is engaged with the Lewis acidic antimony center. Visualisation of the Localized Orbital Locator (LOL), as dened by Becke and Tsirelson, 61 reveals a slow electron region oriented towards the acidic antimony atom, with a stronger protrusion in stiborane 7 ( Fig. 6a and b) . Topological analysis of the electron density (r) performed according to the atoms in molecules (AIM) method 62 ( Fig. 6c and d) reveals an increased electron density at the P-Sb bond critical point (r(BCP): 0.054 e Â r Bohr À3 for 7 and 0.035 e Â r Bohr À3 for 5) and a larger delocalisation index (d(Sb,P): 0.38 for 7 and 0.24 for 5) in the case of 7. These differences conrm the stronger P/Sb interaction present in stiborane 7. Moreover, the decrease in the value of the Laplacian (V 2 ) of r at the BCP (from 0.027 e Â r Bohr À5 in 5 to 0.008 e Â r Bohr À5 in 7, respectively) is suggestive of a decreased donor-acceptor character and an increased covalent character for the P-Sb bond of 7. 63 It follows that the two C 6 F 5 rings present in 7 generate a more acidic antimony centre and a stronger P/Sb interaction. The strength of this interaction is also reected by the appearance of two distinct C 6 F 5 environments in the low temperature 19 F NMR spectrum of 7 (Fig. 5c) . A line-shape analysis indicates that this uxional process has an activation barrier DH ‡ of 10.2 kcal mol À1 (see ESI †), a value possibly correlated to the strength of the P/Sb interaction. The selective addition of o-chloranil to the antimony rather than to the phosphorus atom in 4 and 6, together with the lack of any observed redox isomerisation involving products 5 and 7, are quite surprising considering the existing literature on phosphine oxidation by antimony(V) compounds. 25, 54 It is likely that the stabilisation afforded by the donation of the phosphorus lone-pair to the neighbouring antimony atom plays a large role in this selectivity. This stabilisation is also likely responsible for the stability displayed by these two compounds. Indeed, when layered with water, solutions of 5 and 7 in chloroform show no signs of decomposition even aer 3 hours at room temperature. Next, we decided to investigate whether the strain imparted by the o-phenylene linker could be exploited as a way to induce reactivity in the P/Sb pocket.
Reaction of ambiphilic phosphino-stiboranes with formaldehyde
Although no reaction is observed at room temperature, heating mixtures of stiboranes 5 or 7 and PFA to 70 C in toluene resulted in the formation of the corresponding formaldehyde-insertion products 8 and 9, respectively (Scheme 3). Formation of compounds 8 and 9, which have been characterized by conventional means including elemental analysis, indicate that P/Sb bond of 5 or 7 can indeed be activated thereby unmasking the Lewis acid and Lewis basic sites of these derivatives. Multinuclear NMR spectroscopy suggests that 8 and 9 exist as pairs of isomers as supported by the detection of two 31 P NMR resonances at 3.0 ppm and 4.3 ppm for 8, and at 4.0 ppm and 6.3 ppm for 9 (Fig. 8) .
In accordance with the existence of two isomers, two distinct methylene groups are observed in the 1 H NMR spectra of each product mixture. In addition, each isomer of 9 possesses two distinct C 6 F 5 environments as seen in the 19 F NMR spectrum (Fig. 7c) . The 19 F NMR spectrum is further complicated by the hindered rotation of the C 6 F 5 substituents about the Sb-C ipso bonds, leading to 20 resonances at À70 C, some of which show accidental overlap (Fig. 7c) . In the case of 9, we also succeeded in obtaining single crystals of both isomers which are referred to as 9A and 9B (Fig. 7a and b) . These two isomers only differ in the arrangement of the substituents about the antimony center. In the case of 8, we only succeeded in crystallizing one isomer, the structure of which is essentially identical to that of 9A (see ESI (4) ;
; 9B: 79.9 (9) ) than in 3 (163.33 (10) ).
Given the stability of these species to water and their reactivity towards formaldehyde, we decided to test whether such systems could be used for the colourimetric detection of aqueous formaldehyde. This study was further motivated by the knowledge that formaldehyde is carcinogenic and widely used in industry.
64 Given its higher solubility in dichloromethane, the phosphino-stiborane 7 was selected for these studies. The feasibility of this approach was rst tested using a commercial formaldehyde aqueous solution (37 wt%, 12 M, 0.5 mL) layered with a toluene solution of 7 (10 mM, 0.5 mL). At this concentration, the biphasic reaction is fast, necessitating only 5 min of vigorous shaking for complete conversion of 7 into 9, the formation of which was conrmed by NMR spectroscopy. With the view of simulating conditions that would approach those of environmental samples, we also tested more dilute conditions. Layering of a solution of 7 in dichloromethane (10 mM, 0.5 mL) with an aqueous solution of containing formaldehyde (35 mM, 2.5 mL, 18 equiv.) and the neutral surfactant Triton X-100 (0.045 M), led to the progressive disappearance of the yellow colouration upon sonication. The yellow colouration was no longer apparent aer 90 minutes (Fig. 9) , as consumption of 7 P NMR spectra of phosphino-stiborane 7 and its CH 2 Oinsertion product 9 containing two isomers. Fig. 9 Dichloromethane solutions of phosphino-stiborane 7 layered with water (left) and 0.1% aqueous formaldehyde (right) after sonication for 90 min.
and formation of the two isomers of 9 was conrmed by 31 P and 19 F NMR spectroscopy. By contrast, the yellow colouration persisted even aer 2 weeks when the aqueous layer contained the surfactant Triton X-100 without any formaldehyde. These results show that 7 can be used for the molecular recognition and colourimetric detection of formaldehyde in aqueous solutions.
Conclusions
We conclude this paper by making two separate points. The rst one relates to the synthesis and properties of the stiborane 2, a new uorinated main group reagent which approaches the Lewis acidity of B(C 6 F 5 ) 3 while displaying a remarkable tolerance to moisture when in the solid state or when dissolved in non-polar solvents such as chloroform. The potency of this new Lewis acid, which is illustrated by the isolation of Et 3 PO adduct as well as its use in combination with P t Bu 3 for the complexation of formaldehyde, suggests a broad range of applications, several of which are currently being investigated in our laboratory. The second point pertains to the demonstration that uorinated stiborane units can also be decorated by pendent phosphines to generate ambiphilic phosphino-stiborane derivatives as in the case of 7. This compound is stabilized by formation of an intramolecular P/Sb interaction, which makes it remarkably inert to water. Despite this apparent stability, the phosphino-stiborane 7 reacts swily with formaldehyde to afford the corresponding addition compound 9. This unique reactivity, which is accompanied by a colourimetric turn-off response, can be implemented using dilute aqueous formaldehyde solutions thereby demonstrating the potential that this frustrated Lewis pair chemistry holds in the domain of molecular recognition and sensing. 65 
Experimental

General synthetic procedures
Solutions of C 6 F 5 Li should be kept cold at all times to prevent explosions! Manipulations involving phosphines were performed under an inert atmosphere of puried N 2 using Schlenk line or glovebox techniques with anhydrous, oxygen-free solvents. All other manipulations, including aqueous formaldehyde tests, were performed under atmospheric conditions using unpuried solvents. 1 5 ) 3 (2.43 g, 3.90 mmol, 1.0 equiv.) . The resulting red suspension was stirred for 10 min, aer which the resulting precipitate was collected, washed with pentane, and dried, yielding an orange powder consisting of analytically pure 2(CH 2 Cl 2 ) (2.57 g, 2.69 mmol, 69% yield). X-ray quality crystals of 2(CHCl 3 ) were obtained by layering a chloroform solution with pentane. 13 Synthesis of stiborane 7. Solid o-chloranil (265 mg, 1.08 mmol, 1.0 equiv.) was added to a stirring suspension of stibine 6 (780 mg, 1.08 mmol, 1.0 equiv.) in dichloromethane (4 mL). The resulting mixture was stirred for 2 min until it became a clear, orange solution, at which point it was ltered through a cotton plug and layered with hexane (3 mL). Aer a day, the liquid was decanted and the resulting orange crystals were washed with hexane and dried under reduced pressure to yield a brightorange, crystalline solid consisting of analytically pure 7 (812 mg, 0.62 mmol, 57% yield). Synthesis of complex 9. An orange suspension of stiborane 7 (281 mg, 0.29 mmol, 1.0 equiv.) and (CH 2 O) n (20 mg, 0.66 mmol, 2.0 equiv.) in toluene (5 mL) was placed in a bath at 70À80 C and stirred for 3 h, resulting in a colourless solution. Volatiles were removed under vacuum, and the solid residue was passed with dichloromethane (5 mL) through a glass paper plug to remove excess polymer. The ltrate was layered with hexane (7 mL) and the resulting solid was collected on a fritted glass lter, washed with hexane, and dried under reduced pressure, yielding a white powder consisting of analytically pure compound 9(CH 2 Cl 2 ) 1.5 (240 mg, 0.22 mmol, 76% yield). Both isomers form in a z50 : 50 ratio, but in solution, one isomer slowly converts into the other one; spectra were recorded at a z65 : 35 ratio between the two isomers, with 9B tentatively assigned as the major isomer, and 9A as the minor. 1 Biphasic formaldehyde test with stiborane 7. Two samples containing solutions of stiborane 7 (0.5 mL) from a dichloromethane stock solution (10 mM) in two vials: one vial was layered with (a) an aqueous solution of 0.1 wt% formaldehyde solution (2.5 mL, 18 equiv.) containing Triton X-100 (0.045 M) and (b) a sample of water (3 mL) containing only surfactant Triton X-100 (0.045 M), respectively. The two samples were mixed vigorously in a sonicator until the colouration of the organic layer from the formaldehyde vial (a) disappeared (90 min, displayed in Fig. 9 ). The organic layers from both samples were analysed by 19 F and 31 P NMR spectroscopy.
Crystallographic details
Diffraction-quality crystals were obtained by layering chloroform, dichloromethane or acetone solutions with hexane and allowing the mixtures to sit undisturbed at room temperature. The crystals were mounted in hydrocarbon oil on a nylon loop or a glass bre. Low-temperature (110 K) data were collected on an APEX 2-CCD detector equipped SMART 100 Bruker diffractometer with graphite-monochromated Mo Ka radiation (l ¼ 0.71073Å). Used X-ray data renement methods have been described previously. 68 Crystallographic data provided in the form of cif les is available from the CCDC as numbers 1483464À1483472. 69 In the case of 5, the asymmetric unit was found to contain two molecules of 5, one of which showed a high peak at 1.284Å from the phosphorus atom. We believe that this peak reects partial oxidation of the phosphorus atom at this site. It was rened as an oxygen atom with its partial occupancy rening to a value of 22%. In Fig. 5 and in the text, we only discuss the structure of the other independent molecule which shows no such partial oxidation features. Disordered solvent molecules further complicate the structure of this compound.
Computational details
Density functional theory (DFT) calculations (full geometry optimisation) were carried out on 2, SbPh 3 (O 2 C 6 Cl 4 ), 4, 5, 6 and 7 starting from their respective crystal structure geometries with Gaussian09 70 soware (MPW1PW91 71 functional with 6-31g for H and C; 6-31+G(d 0 ) for O, F and Cl; aug-ccpVTZ for P and Sb; 72 and Stuttgart relativistic small core ECPs for Sb
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) using the SMD solvation model for dichloromethane. 74 Once the optimized structures were in excellent agreement with the observed solid-state structures, frequency calculations were carried out to verify that no imaginary frequencies are present. The coordinates of all these optimized geometries are listed in the ESI. † Wave functions derived from the optimized structures were utilized for QTAIM analysis using the AIMAll 75 soware package. The optimized structures were also subjected to natural bond orbital (NBO) 76 analysis, and the resulting natural localized molecular orbitals (NLMOs) were plotted using the Jimp 2 77 soware. Plots of the Localized Orbital Locator (LOL), as dened by Becke and Tsirelson, 61 were visualized and plotted using the Multiwfn soware. 61, 78 
